Disruption of circadian clocks is strongly associated with mood disorders.
Introduction
The potential role of circadian clocks in mood regulation has been extensively discussed.
There is strong evidence from animal and human studies that disturbances of circadian clocks are associated with the development of mood disorders like major depressive disorder (MDD), bipolar disorder (BD), and seasonal affective disorder (SAD) [1] . For instance, disruption of the sleep-wake cycle is such a characteristic feature of MDD and is one of the core symptoms that define the disorder [2] . Furthermore, patients with mood disorders strongly benefit from "chronotherapies" targeting the circadian system. However, whereas there is considerable evidence that circadian clocks play a role in mood control and in the pathophysiology of mood disorders, therapeutic interventions targeting circadian clocks of patients are not yet routine in clinical practice.
We believe that one reason for the under-representation of so called chronotherapies in medical practice is the lack of discussion of causal chains plausibly linking circadian rhythmicity and brain functions. Circadian intervention may become a more attractive therapeutic option for clinicians if they are provided with concrete explanations how disrupted circadian rhythms can contribute to mood disorders. Accordingly, this review presents plausible and tangible mechanistic connections between circadian disturbances and mood disorders, thereby helping therapists and patients to understand why aligned and stable circadian clocks might be important. McClung has recently discussed various molecular connections between circadian clocks and mood regulation [3] .
Expanding on this, we will discuss more general mechanistic links within the framework of fundamental circadian principles, forming a sound conceptual basis for implementing chronotherapies and circadian principles into clinical practice.
General information about circadian clocks
Life has adapted to recurring daily changes caused by the Earth's rotation. To optimally anticipate these daily changes, most living organisms evolved "circadian" (ca. 24 h) clocks that control almost all biological processes. To synchronize internal circadian rhythms to environmental fluctuations, circadian clocks are permanently reset by external cues, so-called Zeitgebers (time givers, e.g. light/darkness, meal times, activity patterns). In response to these Zeitgebers, individuals can adopt very different timing preferences ("chronotypes") for daily routines and sleep, i.e. a tendency to 'eveningness' with a delayed sleep time, or 'morningness'
with an early sleep time [4] . In mammals, the internal circadian timekeeping system is organized hierarchically, with the master circadian clock located in the suprachiasmatic nuclei (SCN) of the hypothalamus, and subsidiary clocks in almost every cell of the body [5] . Rhythms in SCN neurons are mainly synchronized by light signals perceived by melanopsin-expressing retinal ganglion cells [6, 7] .
At the molecular level, the circadian clock mechanism is based on a transcriptionaltranslational feedback loop comprising "clock proteins" which regulate their own biosynthesis in a rhythm approximating 24 h. Central clock genes include Brain Muscle Arnt-like Protein 1 (Bmal1), Circadian Locomotor Output Cycles Kaput (CLOCK), Neuronal PAS Domain Protein 2 (NPAS2), Period (PER1, PER2, and PER3), and Cryptochrome (CRY1 and CRY2). BMAL1 and CLOCK (or NPAS2) dimerize and bind to E-box elements in the promoters of target genes, including Per and Cry, thereby inducing transcription of those genes. In the cytoplasm, PER and CRY proteins form complexes which translocate back to the nucleus and repress BMAL1/CLOCK(NPAS2)-dependent transcriptional activity, thus inhibiting transcription of their own genes. Gradual degradation of PER/CRY complexes eventually diminishes this negative feedback, allowing a new molecular cycle to start [8] . An additional loop including both activating and inhibiting regulatory elements is formed by retinoic acid-related orphan receptors ROR (α, β, and γ) and nuclear receptors REV-ERB (α and β). Controlled by the rhythmic activity of these clock genes, many physiological and behavioral processes display circadian oscillations, e.g. in body temperature, hormones, and rest/activity, as well as affective and cognitive functions. In mammals, for example, the SCN orchestrates rhythmic release of the hormone melatonin from the pineal gland at night [9] .
Connections between circadian clocks and mood regulation

Humans
Although there is strong evidence that mood disorders are associated with both genetic and environmental disturbances of circadian clocks, causality remains to be determined.
Environmental disruptions of circadian rhythms, such as shift work, also increase the risk of mood disorders [10] . In patients with SAD, seasonal changes in photoperiod provoke relapse into a depressive episode [11] . SAD may be caused by SCN-mediated alterations of circadian rhythmicity which perturb the affective state [12] . Although not detected by GWAS after strict correction for multiple comparisons, associations between individual clock gene polymorphisms and mood disorders have been found in a number of studies have not revealed associations to clock genes, in targeted genotyping studies, e.g. sequence variations in PER2, ARNTL, and NPAS2 increase the risk of developing SAD [13, 14] . Similarly, BD has been linked to polymorphisms of clock genes [15] , including ARNTL and PER3 [16] . In an alternative approach providing greater sensitivity than GWAS, considering all clock genes together as a system has tended to confirm an association between clock genes and mood disorders [17] .
Additionally, it may be that only a subgroup of MDD patients develop depression because of disrupted circadian rhythms; accordingly, significant associations with clock genes may be present only in this subgroup.
Beyond genetic and environmental associations, the therapeutic efficacy of chronotherapies targeting circadian rhythms in mood disorders patients provides further evidence for a strong connection between circadian clocks and mood regulation. For example, social rhythm therapy aims to stabilize and regularize daily rhythms of mood disorder patients and was proven to have high efficacy [18] . Some components of this therapy are described below in more detail.
Moreover, even standard pharmacological treatment of depressive symptoms often improves circadian function of patients [1, 19] . This suggests a bidirectional relationship between circadian rhythm abnormalities and mood disturbances, encouraging the development and implementation of new therapeutic approaches for mood disorders by normalization of circadian rhythms.
Animals
Further support for a relationship between circadian rhythms and mood dysregulation arises from animal models in which circadian rhythms can be manipulated more freely, and moodrelated behavior and its brain mechanisms studied more intensively [20] .
Abolishing Rhythms Changes Mood
The Clock 19 mutant mouse has a long endogenous circadian period (~ 27 h) with eventual arrhythmia if kept in constant darkness [21] . These mice display a behavioral phenotype closely resembling bipolar mania in humans, with hyperactivity, reduced anxiety-and depressionrelated behavior and an enhanced preference for the consumption of drugs of abuse [22] [23] [24] .
However, other symptoms comprising the rapid alternation between mania and depressive-like behavior, sleep abnormalities or grandiosity are not covered by this mouse model. In contrast,
Per2
Brdm1-/-mice have short period free-running rhythms that ultimately become arrhythmic in a constant environment [25] but also display mania-like behavior.
Genetic Manipulations of Rhythmicity Influence Mood
Various other clock gene mutant mice also show altered affective behavior. For instance,
Per1
Brdm1-/-mice have a short circadian period and show an enhanced preference for alcohol consumption after stressful events [26, 27] . Mice deficient in D-box binding protein (DBP), which also have a shorter period, show depressive-like behavior at baseline but mania-like behavior under stress conditions, which might make this mouse a promising model for BD [28] .
The after hours (Afh) mutant mouse, carrying a mutation of Fbxl3, exhibits a long free-running period (~26.5 h) [29] and mania-like behavior [30] . Knockout of CK1δ/ε induces a long circadian period whereas a mutation of CK1ε (tau) causes a short period [31, 32] . Whereas forebrain overexpression of CK1δ leads to a decrease in reward-seeking behavior [33] , genetic deletion of CK1ε leads to enhanced reward-seeking behavior [34] . Finally, mutations in the GSK3/ genes, which phosphorylate multiple clock genes and regulate circadian rhythms, are also associated with changes in mood-related behavior [35] [36] [37] .
SCN-specific reduction of rhythms induces depression-like behavior
Although studies of circadian mutant mice suggest a causal role for circadian clocks in mood regulation, clock genes have pleiotropic effects, so behavioral changes in these mice may not necessarily be due to changes in clock function. Circumventing this issue, we showed that a reduction of circadian rhythm amplitude specifically in the SCN is sufficient to evoke depression-like behavior in mice [38] . This mouse provides a model with intact clock genes in all non-SCN brain regions and peripheral organs, as well as normal brain development and anatomy. Therefore, abnormalities in affective state can be attributed solely to changes of circadian oscillation output signals from the SCN central pacemaker.
Changes in Light-Dark Cycles Influence Mood
Manipulations of external light/dark conditions are widely used to modify circadian rhythms in animals. Such an experimental approach is especially useful to mimic seasonal changes in daylength, providing animal models for SAD. In particular, diurnal rodents often exhibit depression-like behavior in short days [39] . Exposure to constant light (LL) both disturbs circadian clocks and induces depression-like behavior, implying a connection between circadian rhythms and mood regulation [40] . However, rodents exposed to constant darkness (DD) also show depression-like behavior [41, 42] . As circadian rhythms are not disrupted in DD, it is possible that mood-related abnormalities in response to altered lighting may (at least in part) depend on non-circadian factors.
How Disturbed Clocks May Result in Mood Disorders
As outlined above, data from animal and human studies provide ample evidence that disturbed circadian clocks play a role in the development of mood disorders. However, mechanistic explanations of exactly how disorganized circadian rhythms can lead to mood disorders has not been widely discussed. Here, we extract common elements that are shared by different animal models and human patients that might serve as tangible links between circadian rhythm abnormalities and mood disorders. Identifying concrete and fundamental physiological changes resulting from disrupted circadian rhythms may help clinicians to appreciate the importance of stable and aligned circadian clocks in their patients.
The consequences of clock manipulations in all of the various animal models and human studies can be ascribed to four main possible mechanisms: "external desynchronization" between the animal and the environment, "internal desynchronization" within an animal, low amplitude of circadian oscillations, and alterations in sleep architecture. Although each of these hypothetical mechanisms is based on experimental data, direct evidence favoring one mechanism over another is lacking. This is largely due to the difficulty of investigating one such circadian mechanism isolated from the others. For example, while many studies indicate a relationship between external desynchronization and mood regulation based on investigations of chronotypes and shift work, desynchronization with the environment in such studies is invariably accompanied by internal desynchronization, amplitude effects, and altered sleep patterns. Whereas some studies have begun to use clever experimental paradigms to manipulate external synchronization, amplitude, and sleep architecture independently, so far only few studies have examined the role of internal desynchronization. This may be at least partly due to the difficulty of creating animal models or identifying human markers to monitor misalignment of tissue oscillators within one subject. In this chapter, we will evaluate the presence of these individual mechanisms in different animal models and human studies and explain why they constitute health risks and might contribute to mood disorders.
External desynchronization
A desynchronization of the individual's endogenous circadian rhythms (e.g. sleepiness)
with the external environment (e.g. sunrise) and can produce adverse or pathological states.
Animals with clock gene mutations often show changes in period and phase of rhythms, and some lose the ability to synchronize to external oscillations. Other studies use repeated light phase shifts so that animals never fully entrain to daily environmental rhythms. Humans with extreme chronotypes or subject to shift work also experience external desynchronization. And many patients with mood disorders show circadian phase abnormalities, e.g. advanced sleepwake cycles in mania and delays in bipolar depression [43] .
How could external desynchronization and altered light exposure result in depression? In humans, a late chronotype often leads to a lack of morning light exposure due to waking up late in the morning. Light deprivation leads to depression-like behavior and a reduction of monoamine neurons in the brains of the animals [42] . Apoptosis of neurons is particularly pronounced in the nucleus accumbens and also occurs in the raphe nucleus and the ventral tegmental area, brain areas associated with mood regulation. In addition, Dulcis et al.
demonstrated that neurons in the hypothalamus of rats switch between dopamine and somatostatin expression in response to exposure to short-and long-day photoperiods, respectively [44] . Furthermore, the reduction of dopamine in the hypothalamus in long days is accompanied by depression-like behavior of these nocturnal animals. Interestingly, long days seem to have effects in nocturnal animals (e.g. mice) that are similar to those of short days in diurnal (day-active) animals (e.g. humans; see above). These rodent studies impressively demonstrate a negative impact of altered light exposure on brain structures, which ultimately leads to depression-like behavior.
Lack of morning light due to a late chronotype may also result in other physiological changes associated with mood disorders. For instance, reduced sunlight exposure can lead to low levels of vitamin D, which is synthesized in the skin upon UV radiation. Some studies have demonstrated a correlation between low levels of vitamin D and MDD (or the severity of depression symptoms). However, no improvement of symptoms could be demonstrated with vitamin D supplementation, so the causality of the proposed relationship is uncertain [45] [46] [47] .
Desynchronization with the environment may also lead to lack of social interaction in patients with mood disorders. Being desynchronized with the environment implies, for example, sleep-wake cycles and meal times that strongly differ from patterns of family and friends. Similarly, extreme chronotypes lead to difficulties in adapting to a common work schedule and impair participation in free-time activities. Although mood disorders patients can experience either phase advances or delays, phase delays are most concerning, as sleeping during the early day greatly reduces both light exposure and social contact.
In our view, changes in brain structures caused by lack of light constitute the most plausible mechanism for how a late chronotype can contribute to depression. As described, short winter days ( Figure 1A ) represent a risk factor for the development of SAD [48] , and in rodents alterations in the light/dark cycle are associated with depression-like behavior [44] . Of note, humans with very late chronotypes may be exposed to short photoperiods throughout the entire year ( Figure 1B ). Thus, depressive states in SAD or in MDD with delayed circadian rhythms might be largely attributable to insufficient light exposure during the day and the consequent lack of photic inputs relayed by the SCN to other brain regions that are involved in mood and motivational processes.
Conversely, as mania is more typically associated with early chronotype, excessive daylight exposure in early morning may trigger manic switches in bipolar patients ( Figure 1B ).
Increasing morning light exposure does not always induce manic switches [49] , but dark therapy or use of blue-blocking glasses (which reduce activation of the blue-sensitive retinal photoreceptor responsible for light input to the SCN and other non-visual brain areas), have been found to reduce manic symptoms [50, 51] . Interestingly, exposure to long photoperiod reduces synchrony of SCN neurons and leads to reduced rhythm amplitude in non-SCN brain regions of mice [52] , which may contribute to the behavioral changes in mood disorders.
Together, these studies suggest that exposure to extreme photoperiods alters brain circuits and cause amplitude changes and/or disruption of circadian rhythms, including "internal desynchronization" of circadian oscillators. In the next sections, we will explore how internal desynchronization or reduced amplitude might facilitate mood disorders.
Internal desynchronization
Prominent human circadian rhythms include sleep-wake behavior, hunger and satiety states, and body temperature rhythms, as well as many molecular oscillations, e.g. in neurotransmitter release and hormone levels. Naturally, these fluctuations peak at different times of day and night. Maintenance of optimal temporal relationships among these many rhythms in various organs, tissues, cells, and even within one cell can be characterized as a state of internal synchronization. Internal synchrony helps the organism to coordinate compatible physiological processes and avoid coincidence of incompatible processes. However, animal and human studies show that temporal synchrony among different tissues and cells is rather fragile and can be manipulated easily by environmental factors [53] [54] [55] .
Both animal and human studies have substantiated an association between inner circadian misalignment and mood disorders (and other major health problems) and suggest that internal temporal desynchrony might be part of the etiology of MDD [56] [57] [58] . For instance, mutations of clock genes in animals disrupt phase relationships among molecules, cells, and tissues [59] [60] [61] , and often lead to metabolic dysfunctions and pronounced changes in behavior [62, 63] .
After light/dark shifts simulating jet lag, different organs and tissues adjust their phase at different rates, leading to transient internal desynchrony [64] . Such disruption of circadian rhythms has severe consequences on health and survival of rodents [65] . Similar considerations apply to human shift workers, who are at elevated risk of mood disorders and other diseases.
Due to rapidly changing shift schedules, the clocks of shift workers can presumably never adjust to a stable phase relationship and are in a state of perpetual circadian misalignment. Also, because food is a strong Zeitgeber for non-SCN circadian clocks [53, 66] , as many people eat irregularly, their clocks may also be perpetually misaligned. Importantly, restricting meals to certain hours per day improves body weight and subjective well-being of subjects previously eating irregularly [67] . Interestingly, subjecting rodents to chronic stress also induces circadian misalignment among tissues [68] , which may contribute to depression. Indeed, patients with MDD exhibit an altered phase relationship between sleep and body temperature rhythms [69] .
Genetically determined properties of the circadian clock may increase vulnerability to internal desynchronization in certain people. Humans only entrain to a relatively small range of
Zeitgeber periods [70] [71] [72] and entrainment to cycles very different from the endogenous period require stronger Zeitgebers [73] . Consequently, individuals with a very long or short endogenous period have more difficulty entraining to environmental rhythms, and may also be more vulnerable to internal desynchronization, as some tissues may be more sensitive to
Zeitgebers than others. In particular, it is possible that some tissues may be well entrained to the 24-h environment while others mainly follow their own internal clocks, leading to a situation where different oscillators drift apart in phase.
There are different possible mechanisms by which temporal desynchronization among molecules, cells, and tissues may induce diseases and mood disorders. Desynchronization of processes on the neural, hormonal, and behavioral level can lead to insufficient coordination of recurring events of daily life, a cardinal function of the circadian system. Loss of normal daily synchronization might demand instead a more energetically costly and less effective ad hoc regulation of physiology and behavior. In patients suffering from mood disorders, their daily routines are often disrupted, probably making unexpected situations even more stressful and demanding, which may then reinforce fatigue and loss of motivation [74] .
Temporal desynchronization may also impair communication among different tissues drastically. Under normal circumstances, phases of distinct tissues are aligned such that one tissue is prepared to receive and process signals from other tissues at a particular time of day.
If, however, two tissues are out of phase, it is possible that the receptor for a crucial signal is not present at a time when the signal arises, or vice versa. In the context of mood disorders, this may apply to insufficient communication among different brain areas implicated in affective functions ( Fig. 2A) . Only proper synchronization of daily signals allows a smooth flow of multistep processes in the body. For example, if the timing of multiple signals leading to the secretion of a neurotransmitter proceed in the wrong order, the processes that depend on this neurotransmitter secretion may be impaired (Fig. 2B ). regulation [76] . Furthermore, chronically elevated stress in mice alters circadian amplitude in the SCN and mood regulating brain areas, including the nucleus accumbens [77] . Conversely, experimentally reducing amplitude of SCN circadian rhythms by SCN-specific knockdown of Bmal1 elicited depression-like behavior in mice [38] .
4.3.Reduced Amplitude
Circadian rhythm amplitude in a tissue is influenced by the strength of the individual cellular circadian oscillators within the tissue as well as by coupling among those cellular oscillators [78] . In either case, low circadian rhythm amplitude at the tissue level can contribute to an unstable circadian system and adversely affect mood regulation. Under normal circumstances, circadian clocks are responsible for ensuring proper timing of physiological processes in the body, particularly separating opposing processes in time, e.g. anabolic vs.
catabolic pathways or wakefulness vs. sleep. With reduced circadian amplitude, the separation of such opposing processes cannot take place efficiently, resulting in simultaneous occurrence of conflicting processes or conditions (Fig. 3A) . For instance, more than 80% of mood disorders patients suffer from sleep problems during the night and fatigue during the day [79] . High cortisol levels are associated with wakefulness and elevated melatonin with sleep, so their rise and fall need to be separated to avoid inappropriately timed wakefulness during the night or sleepiness during the day. Consistent with this idea, in depressed patients the rhythm amplitude of these hormones is decreased in depression [80] [81] [82] [83] , resulting in a less pronounced contrast between nocturnal sleepiness and diurnal wakefulness.
Second, precisely timed initiation or termination of many physiologically relevant processes is dependent on high amplitude circadian rhythms. Such physiological transitions often require certain threshold levels of activators/inhibitors (e.g. neurotransmitters). Thus, in the event of low rhythm amplitude, threshold levels might not be reached, and the physiological process cannot properly start or stop (Fig. 3B ). As mentioned above, cortisol and melatonin rhythms show reductions of amplitude in depression, with relatively constant high levels of cortisol and low levels of melatonin [80, 81] . Thus, due to reduced circadian amplitude, cortisol levels never drop low enough and melatonin levels never get high enough to permit efficient sleep.
Lastly, altered amplitudes may also encourage internal desynchronization among tissue clocks due to differential sensitivity to Zeitgebers. Decreased amplitude of a circadian pacemaker increases its sensitivity to resetting [84] [85] [86] . Thus, the phase relationships among oscillators of different tissues are changed more easily in response to Zeitgeber modulations when rhythm amplitude is low. Conversely, increasing the amplitude of circadian rhythms in patients lowers the risk of both internal and external desynchronization.
In summary, both hypothetical assumptions and empirical data suggest strongly that altered circadian rhythm amplitudes, especially decreased amplitudes, can lead to profound circadian disruption in mammalian tissues. Conversely, increasing the amplitude of circadian oscillators in patients suffering from mood disorders might reduce internal and external desynchronization processes, leading to a stabilization of the circadian system.
Changes in Sleep Architecture
Sleep architecture refers to the temporal organization of sleep such as number, duration, and timing of rapid eye movement (REM) and non-REM (NREM) sleep episodes. Reduced sleep quality as attributed to abnormal sleep architecture is strongly associated with mood disorders [87] . Current evidence is insufficient to determine conclusively whether the disruption of sleep-wake cycles in MDD patients is a circadian or sleep related phenomenon.
Because sleep and circadian clocks influence each other strongly, it may be impossible to separate them definitively. However, it is known that circadian clocks influence sleep architecture [88] . Thus, changes in circadian rhythmicity could lead indirectly to abnormal mood regulation in patients, through their impact on sleep. For instance, human polymorphisms of the clock gene PER3 have been associated with altered sleep timing and structure [89, 90] .
Interestingly, Per3 -/-mice and mice carrying a human variant of the PER3 gene exhibit both altered sleep architecture and depression-like behavior [91] . Thus, PER3 may represent a connecting link between circadian clocks, sleep, and mood regulation. Clock 19 mice exhibit severe mania-like behavior [22] and also reduced sleep [92] . Cry1/2 double-deficient mice show anxiety-like behavior [93] as well as increased sleep [94] . Interestingly, however, mice lacking Per1/2 also exhibit anxiety-like behavior, similar to Cry1/2 double-deficient mice, but their sleep is reduced rather than elevated [94] .
A vast clinical literature shows that mood disorders are commonly accompanied by sleep disturbances. For example, ~ 50-90% of depressed patients suffer sleep abnormalities [95] . The nature of sleep problems in patients with mood disorders is manifold [96] . Many depressed patients as well as manic patients suffer from insomnia, whereas a decreased need for sleep is a trademark of manic patients. Also common in depression are longer sleep onset latency and early morning awakenings. Changes in REM and NREM sleep architecture are frequently observed, with REM sleep typically peaking earlier in the night in depressed patients. Such disruptions of sleep timing suggest that some of the sleep problems seen in mood disorders may in part be attributable to abnormalities in circadian rhythms. Although an association between sleep disturbances and abnormal mood regulation is well established, the direction of causality remains unclear. While the above-mentioned impairments of sleep quality can be regarded as symptoms of depression, there is also considerable evidence that sleep directly impacts affective functions. For instance, sleep positively influences the function of many moodregulating brain areas, including prefrontal cortex, amygdala, and locus coeruleus [97] .
Furthermore, it is believed that the improvement of sleep by antidepressants contributes to their therapeutic efficacy [98] .
Thus, it is likely that sleep is one direct mechanistic link between circadian clocks and mood regulation: disturbing circadian rhythms leads to sleep abnormalities, which in turn adversely impacts mood regulation. Depending on the disposition and resilience of the individual, these clock-induced alterations of sleep may contribute greatly to development of a mood disorder.
Clinical Implementation
As mentioned above, episodes of depression and mania in MDD and BD are often characterized by irregular circadian patterns of behavior. Critically, patients are at increased risk for mood episodes after drastic life events that lead to severe changes of daily routines (e.g.
sudden loss of partner, giving birth) [18] . Furthermore, rotating work shifts frequently precipitate episodes or exacerbate mood symptoms. Physicians have several therapeutic options to help patients achieve stable circadian rhythms. Essentially, these strategies aim for structuring the daily routines of patients as much as possible.
Regular Sleep
The timing of sleep and wakefulness is largely controlled by circadian clocks, but sleep and wakefulness also directly or indirectly alter circadian rhythms. Indeed, sleep can act as a
Zeitgeber for circadian rhythms. Depending on the time of day, naps can cause phase advances or phase delays of melatonin and other hormone rhythms [99] [100] [101] . Whether these effects are mediated directly by sleep or indirectly by reduction of light, activity, social contacts, or changes of posture during naps is not clear [101] . Insufficient sleep also alters the temporal organization of the human blood transcriptome, reducing circadian rhythm amplitude [102] .
Many mood disorder patients have poor quality sleep and highly irregular sleep times [103, 104] , so clinicians should help patients to regularize their sleep as much as possible.
Importantly, schedules for sleep and wake-up times should to be tailored to the individual chronotype of each patient, as far as possible. Unfortunately, most people have to get up early on work days, interrupting their natural sleep, and then make up for this disruption by sleeping late on weekends, resulting in repeated back-and-forth phase shifts every week, a phenomenon commonly known as "social jet lag" [105] . But while the longer and delayed sleep on workfree days might feel refreshing for healthy people, the frequent switch between early and late days may become problematic for patients with mood disorders. For these patients, to promote internal synchrony, it is crucial to reduce the schedule shifts between work and work-free days as much as possible. Regular sleep times are also likely to improve sleep quality. Recording baseline sleep/wake routines of patients by wristband actimeters or sleep diaries can help therapists and patients to develop an individualized ideal sleep schedules. On the basis of these measures, irregularities and anomalies can be identified and improved. Notably, cognitive behavioral therapy for insomnia (CBT-I) also improves depressive symptoms [106] .
Regular Meals
The circadian clocks of many tissues outside the SCN are very sensitive to meal times [53, 66] . To anticipate meal times and to optimize nutrient utilization, organs involved in digestion uncouple from the SCN and gradually adjust their phase to a new meal time over the course of several days [107] . Importantly, the adjustment of tissue clocks takes multiple days, and this process is only beneficial for the organism when the timing of meals settles stably at the new time. Many people, however, eat at remarkably variable times [67] . If meal times vary greatly from day to day, the clocks in digestive organs never have enough time to adjust completely.
Consequently, the clocks of their digestive organs are probably in a perpetual state of disequilibrium, constantly adjusting to new meal times. This phenomenon may lead to significant health problems. Moreover, peripheral and brain clocks are closely linked to each other through hormones [108] , and food intake promotes changes in glucocorticoids, body temperature, neuronal activity, and other factors that have impact on brain clocks. Thus, foodinduced desynchronization of peripheral organs may also affect synchronization among clocks of various brain regions, thereby contributing to development of mood disorders.
Since the impact of meals on peripheral clocks is so strong, clinicians should encourage their patients to maintain a fixed meal time schedule. Patients should be encouraged to avoid snacks and caloric drinks between scheduled principal meals, as any food intake has an immediate impact on peripheral clocks. Obesity is associated with late meal times [109] , so breakfast should be encouraged, and late evening meals or snacks discouraged. But it must be acknowledged that, as for sleep timing, ideal meal schedules may vary from person to person, depending on chronotype, personal preference, and constraints imposed by social or work demands. Nevertheless, it still may be very valuable for patients to minimize day-to-day variability in whatever meal schedule they are willing to adopt.
Increase of Daytime Physical Activity
Physical activity alleviates depression, and depressed patients are often encouraged to exercise [110] . Possible mechanisms for this therapeutic effect of exercise on mood include augmentation of endogenous opioids [111] , normalization of brain structure abnormalities [112] , and improving sleep quality [113] .
But another possible mechanism is through positive effects of exercise on the circadian system. In mice, exercise enhances the amplitude of circadian rhythms of body temperature, food uptake, and corticosterone secretion [114] , three factors involved in synchronizing body clocks. Indeed, physical exercise can alter the phase of clock gene rhythms in peripheral tissues of mice [115] . Importantly, providing mice with access to running wheels significantly decreases age-related desynchrony in SCN and peripheral tissues [116] . In addition, physical activity increases amplitude of SCN and behavioral rhythms, and accelerates phase adjustment after experimental jet lag [116] . Furthermore, access to running wheels enhances amplitude of activity rhythms and reduces depression-and anxiety-like behavior in rats [117] , and protects against the development of depression-like behavior in mice [118] .
In humans, physical activity also has an impact on the circadian system. Depending on the time of day, exercise alters temperature, heart rate, and melatonin rhythms and changes sleep architecture [119] . As in mice, exercise facilitates re-entrainment after phase shifts [120] , arguing for positive synchronizing effects of exercise in humans. Additionally, in young men multivariate regression analysis reveals that physical activity has by far the strongest influence on the amplitude and stability of body temperature oscillations of any parameter studied [121] .
However, clinicians should make their patients aware that the timing of physical exercise is critical, e.g. nocturnal exercise can phase shift behavioral and hormonal rhythms in a manner that might be unfavorable for the patient [122, 123] . Together, these results suggest that regular exercise during the day supports the stabilization of circadian oscillations in patients with weak or irregular daily rhythms.
Light Therapies
In the face of overwhelming competitive advertising by the pharmaceutical industry, light therapy for depression has been slow to achieve widespread adoption in clinical practice, but it is now clear that it can be as effective as antidepressant medicines [124] , and is finally becoming more popular [125] . Twenty years ago, a series of studies established that bright light (especially in the morning) is an effective treatment for SAD [126] [127] [128] . More recently, a number of studies and meta-analyses have suggested that light is also effective for MDD [129] [130] [131] . In particular, a recent randomized, controlled 8 week trial of daily 10,000 lux bright light for 30 min "as early as possible" after awakening, showed that light can be more effective than fluoxetine (Prozac) for non-seasonal MDD [132] . A few studies indicate that bright light may even be therapeutic for the depression of BD, which is often unresponsive to common antidepressant medicines. For example, a recent randomized, controlled 6 week trial of 7000 lux bright light in mid-day improved sleep and mood in BD, with no manic switches [133] .
Conversely, darkness can be therapeutic for mania [51] , and a recent study showed promising antimanic effects of blue-blocking glasses [50] . Thus, light/dark therapies for mood disorders show great clinical promise.
It is not known precisely how light/dark therapies work in mood disorders patients, but animal studies suggest some likely neurobiological mechanisms. First of all, it seems probable that the therapeutic effects of light are mediated not by the conventional image-forming visual system, but rather by the more recently described non-image-forming visual system, involving melanopsin-containing, intrinsically photosensitive retinal ganglion cells (ipRGCs) [134] [135] [136] .
The ipRGCs project to the SCN and are responsible for circadian photoentrainment, so the effects of light/dark on mood could involve adjustment of brain circadian clocks. The finding that early morning timing of light makes it more effective in SAD suggests that the mechanism may involve circadian phase-dependent shifting of clock phase and improved alignment of brain clocks. It is known, for example, that seasonal changes in day length produce substantial changes in relative phasing of individual SCN neurons in rodents [137] . On the other hand, the fact that some clinical studies (e.g., [133] ) find light effective at mid-day, when no phase shifting of circadian clocks would be expected, suggests that enhancement of brain clock amplitude may be a more important mechanism. This is consistent with the findings of a postmortem human brain study that brain clocks of MDD patients have reduced amplitude [75] , and with our work in a mouse model [38] .
Wake Therapy
It is well documented that sleep deprivation has strong and immediate antidepressant effects, alleviating symptoms of MDD in 40-60% of patients. Improvements in mood are often already apparent even during the night of sleep deprivation and are sustained on the following day.
After recovery sleep, most patients (50-80%) suffer from a relapse of depression [138] .
Interestingly, keeping patients awake in the second half of the night appears to be sufficient to improve depressive symptoms [125] . Since sleep and circadian clocks are tightly intertwined, the effects of wakefulness at night on mood are often attributed to changes of circadian rhythms.
However, even short daytime naps which have only little impact on circadian rhythms cause a relapse of symptoms, raising doubt about how much circadian changes contribute to the antidepressant effects of sleep deprivation. On the other hand, some have hypothesized that MDD patients have abnormal clock gene machinery which is reset by sleep deprivation, thereby improving their affective state [139] . However, a combination of chronotherapeutic treatments, such as bright light, sleep phase advance and pharmacotherapy (lithium or antidepressants) has been proven to sustain the antidepressant responses and prevent relapse [140] . Also, the rapidacting antidepressant ketamine and sleep deprivation produce similar changes in expression patterns of some clock genes [141] . Thus, a combination of neurotransmitter changes during sleep deprivation and adjustment of circadian rhythms during phase advance therapy may underlie the efficacy of this treatment.
Even though the exact mechanisms are not known, wake therapy is a first line of treatment for depression in many European countries, although rarely used in the United States [142] .
Pharmaceuticals to Manipulate Rhythms
Agomelatine
Agomelatine is a recently developed antidepressant drug available for use in Europe. It acts as an agonist at melatonin receptors MT1 and MT2 and an antagonist at the serotonin 5-HT2C
receptor. Antidepressant actions of agomelatine have been attributed to various mechanisms including adjustment of circadian rhythms. In diurnal and nocturnal rodents, agomelatine expedites resynchronization of behavior after shifts in the light-dark cycle [143, 144] .
Furthermore, it is able to adjust the phase of sleep-wake cycles in rodents under entrained conditions [145] , increases the amplitude of melatonin and body temperature rhythms [146] , and can synchronize rats to a 24 hr schedule when administered in daily doses under constant environmental conditions [147] . Thus, agomelatine has a strong impact on the circadian system.
Importantly, agomelatine normalizes behavioral rhythms, sleep architecture, and neuronal activity in a rat model of depression, which suggests the potential for positive effects on clocks in depressed patients [148] . In humans, early evening administration of agomelatine (like melatonin) phase advances two central synchronizers of peripheral rhythms, core body temperature [149] and cortisol rhythms [150] , which might benefit depressed patients with delayed phases. Because of these effects, administration of agomelatine has been suggested as a therapy for several psychiatric disorders that are associated with circadian disturbances [151] .
Besides adjustment of circadian rhythms, agomelatine promotes neurogenesis, cell survival, and expression of brain-derived neurotrophic factor (BDNF), which are other possible mechanisms of antidepressant action. Of note, however, a recent study showed that stressinduced changes of circadian rhythms in mood-regulating brain areas of rats were not normalized by agomelatine administration. Moreover, melatonin itself was not found to have an antidepressant effect [152] , raising questions about whether agomelatine's circadian effects underlie its antidepressant action [153] . On the other hand, melatonin could still be therapeutic if its administration is properly timed and dosed to adjust the misaligned circadian phases of certain patients with mood disorders [154] .
Lithium
Lithium is a mood stabilizer widely used in the treatment of BD, and some have speculated that its therapeutic efficacy could be related to its prominent effects on circadian rhythms [155] .
Lithium lengthens circadian period and potently increases amplitude of circadian rhythms [156] . These circadian effects of lithium may be related to its inhibition of glycogen synthase kinase 3 (GSK3), a protein kinase that regulates the clock by phosphorylating multiple clock proteins: PER2, REV-ERBα, and CRY2. Lithium also affects the inositol signaling pathway, which is also involved in amplitude and period regulation of circadian rhythms [157] . It is likely that lithium contributes to the stabilization of circadian clocks in BD patients. However, since lithium has many side effects and regulates a large number of processes in the body, better options are needed for primary targeting of circadian rhythms.
Nobiletin
It has been discovered recently that the flavonoid nobiletin is capable of regulating circadian rhythms. Flavonoids are plant pigments that are ubiquitous natural components of human foods.
In mice, nobiletin substantially increases the amplitude of clock gene rhythms in cells and behavioral wheel-running activity rhythms [158, 159] . Interestingly, mice exposed to a high fat diet are protected from metabolic phenotypes when treated with nobiletin [158] . Furthermore, nobiletin resets the liver clock and defends against metabolic abnormalities in cultured cells [160] . Thus, stabilizing body clocks using nobiletin or similar compounds could potentially be useful in mood disorder treatment.
Rev-Erb Agonists
The experimental compounds SR9009 (Stenabolic) and SR9011 are agonists of the circadian clock proteins REV-ERB and REV-ERB; they alter amplitude of clock gene expression rhythms and change circadian behavior in mice [161] . Interestingly, in rodents, these drugs also reduce anxiety-like behavior, change sleep architecture [162, 163] , and prevent the development of obesity, which is often related to mood disorders [161] . As the effects of these REV-ERB agonists on circadian rhythms are pronounced but short-term, more research is required to investigate the potential usefulness of such drugs in mood disorder therapy.
Conclusion
Many mood disorder patients suffer irregularities in their daily rhythms. These irregularities (e.g., insomnia) may in themselves be unpleasant and uncomfortable for patients. But the disruptions may also trigger or worsen mood episodes. For both these reasons, therapies aiming to improve circadian organization and stability may be beneficial. The circadian clock evolved to help organisms anticipate daily recurring events. If this ability is lost, the body is no longer capable of preparing physiological processes in advance of an event, but rather must react spontaneously to incidents, which may be less efficient and more stressful. Thus, therapies that reduce the day-to-day variability of circadian rhythms are likely to be helpful. However, more evidence is required to establish a direct causal connection between the disruption of circadian rhythms and mood disorders, especially in humans. To prove such causality, more knowledge about underlying mechanisms is needed. In particular, more research is needed to show specific mechanisms by which existing chronotherapies could improve mood by modulating circadian rhythms.
In this review paper, we suggested several concrete mechanisms by which circadian disruptions may contribute to mood disorders: external desynchronization, internal desynchronization, reduced amplitude, and impaired sleep. Importantly, the separation of these mechanisms remains hypothetical since they inevitably influence each other. Therapies to stabilize and strengthen circadian clocks would be expected to normalize all these pathological mechanisms at once. Therapeutic manipulations may variously affect clock phase, period, or amplitude, but in practice these clock parameters are usually intimately related. Thus, the aim is usually to reach a high amplitude, a stable period close to 24 hours, a phase compatible with environmental conditions, and a small phase variability from day to day. Because of the ubiquitous role of circadian clocks in physiology, adjusting circadian properties to such desired values can solve many problems at once, including mood disorders and other medical conditions.
Fortunately, clinicians and patients have relatively simple therapeutic options available to improve circadian health. The list of options includes regular sleep, meals, and exercise, light therapy, and a few pharmaceuticals such as melatonin. Even though the strategies were discussed separately in this paper, it is advisable to administer several strategies simultaneously.
Patients who suffer severe circadian disruptions will gain the greatest benefit if they structure sleep, light, and meal times, and increase amounts of physical activity in parallel. Conveniently, these treatments can target several circadian conditions concurrently. For example, patients committed to (daytime outdoor) physical exercise automatically increase the amount of sunlight. In turn, the increase of sunlight helps to improve rhythm amplitude and, if applied at the right time, shifts the clock to a desired phase. Furthermore, eating and sleeping at regular times helps structuring other daily routines and promotes social synchronization, and will likely also have beneficial effects for metabolic disorders, which are quite frequently comorbid with mood disorders. Consequently, under synchronized conditions, at times of high neurotransmitter release the receptor is most prevalent ensuring optimal communication among the brain areas. In contrast, when brain areas are not synchronized, the release of a neurotransmitter may be ineffective as the receptor is not yet fully expressed or the peak of expression is already over. (B) Internal desynchronization might affect the flow of various physiological processes in the body. Shown is a hypothetical sequence of processes a-e leading to product E. The processes may occur within one cell type/tissue or in different tissues. The circadian clock determines the timing of processes a-e and ensures the fluent synthesis of product E. In case circadian clocks are not synchronized and, therefore, the sequence of processes a-e is disturbed, the production of intermediate products B-D may be affected. In the worst case, when the timing of subsequent processes is extremely misaligned, the synthesis of product E is strongly impaired.
Figure 3:
Consequences of decrease of circadian rhythm amplitude. (A) Circadian clocks ensure the proper timing and separation of opposing processes in the body, like the activation and inhibition of anabolic and catabolic pathways. Consequently, the output of the two processes shows strong circadian rhythms. In conditions of low amplitude rhythms, the separation of opposing processes is not very pronounced with the consequence that both processes take place simultaneously over the course of the day. Therefore, their output shows strongly impaired rhythmicity. (B) Many physiological processes require a certain level of activators/inhibitors in order to be induced or interrupted. When circadian rhythms amplitude is low, these levels may not be reached and the process cannot take place.
